The nicotinamide adenine dinucleotide phosphate-specific isocitrate dehydrogenase of Halobacterium cutirubrum is rapidly inactivated at low NaCl levels. As much as 75 %/ of the initial activity can be restored by dialyzing the inactive enzyme against 4 M NaCl. A mixture of 4 mm isocitrate and 10 mm MnCl2 gives the same protection as 4 M NaCl but does not replace the NaCl requirement for reactivation. The reactivated and native enzymes have identical sedimentation rates on sucrose gradients, electrophoretic mobilities on polyacrylamide gels, and elution rates from Sephadex G-200. However, there are distinct differences between the active and inactive forms of the enzyme. Compared with the active enzyme, the inactive protein has a lower sedimentation rate, a lower electrophoretic mobility, and a faster elution rate from Sephadex. These differences indicate that inactivation causes a major conformational change in the protein. Presumably, the removal of NaCl permits the enzyme to expand into a less dense, inactive form. The isocitrate dehydrogenase was purified 69-fold by a procedure involving the following steps. When the enzyme is selectively protected with isocitrate and MnCl2 at low ionic strength, most of the contaminating proteins are precipitated with (NH4)2SO4 at 0.9 saturation. The enzyme in the supernatant fluid is then inactivated at low NaCI levels, precipitated with 0.5 saturated (NH4)2SO4, and reactivated with 4 M NaCl. Minor impurities are removed by gel filtration on Sephadex G-200. The resulting preparation is more than 95 % pure as judged by disc electrophoresis.
4 M NaCl. A mixture of 4 mm isocitrate and 10 mm MnCl2 gives the same protection as 4 M NaCl but does not replace the NaCl requirement for reactivation. The reactivated and native enzymes have identical sedimentation rates on sucrose gradients, electrophoretic mobilities on polyacrylamide gels, and elution rates from Sephadex G-200. However, there are distinct differences between the active and inactive forms of the enzyme. Compared with the active enzyme, the inactive protein has a lower sedimentation rate, a lower electrophoretic mobility, and a faster elution rate from Sephadex. These differences indicate that inactivation causes a major conformational change in the protein. Presumably, the removal of NaCl permits the enzyme to expand into a less dense, inactive form. The isocitrate dehydrogenase was purified 69-fold by a procedure involving the following steps. When the enzyme is selectively protected with isocitrate and MnCl2 at low ionic strength, most of the contaminating proteins are precipitated with (NH4)2SO4 at 0.9 saturation. The enzyme in the supernatant fluid is then inactivated at low NaCI levels, precipitated with 0.5 saturated (NH4)2SO4, and reactivated with 4 M NaCl. Minor impurities are removed by gel filtration on Sephadex G-200. The resulting preparation is more than 95 % pure as judged by disc electrophoresis.
The enzymes of the extreme halophiles become rapidly inactivated if the salt concentration is reduced to low levels (3, 7, 8) . Studies on the molecular basis of the salt dependency have been hampered by the fact that the halophilic enzymes are difficult to purify. This paper describes a method for the purification of the nicotinamide adenine dinucleotide phosphate (NADP)-specific isocitrate dehydrogenase (ICDH; EC 1.1.1.42) of Halobacterium cutirubrum. In addition, a comparison is made of certain physical properties of the active and inactive forms of the halophilic ICDH.
MATERIALS AND METHODS
Growth of cells. The strain of H. cutirubrum (No. 9) was obtained from N. E. Gibbons, National Research Council, Ottawa, Canada. Cultures were grown aerobically at 37 C for 24 hr in CSG medium (11) for an additional 12 hr against 9 volumes of Tris buffer containing 4.4 mm isocitrate and 11 mM MnCl2. Solid (NH4)2SO4 was added to make the extract 0.8 saturated. After 15-min equilibration, the extract was centrifuged for 30 min at 18,000 X g.
The supernatant fluid (Si) was saved, and to the pellet (P1) was added 25 ml of Tris buffer containing 0.42 M NaCl, 4 mm isocitrate, and 10 mm MnCI2 which had been made 0.8 saturated with (NH4)2SO4. The Pi fraction was stirred intermittently for 1 hr and then centrifuged at 18,000 X g for 30 min. The supernatant fluid obtained (S2) was combined with Si. The combined fraction (SlS2) was made 0.9 saturated with the addition of solid (NH4)2SO4, equilibrated for 15 min, and then centrifuged at 130,-000 X g for 1 hr. The resulting supernatant fluid (S3) was dialyzed for 12 hr against 2 liters of Tris buffer containing 4.2 M NaCl, transferred to a fresh dialysis tubing, concentrated over a bed of Carbowax 6000 (polyethylene glycol) to a final volume of 95 ml, and dialyzed for 12 hr against 2 liters of Tris buffer containing 4.2 M NaCl. This concentrated S3 fraction was used as the source of partially purified enzyme. With 4.2 M NaCl present, the ICDH activity was stable for several months when stored at 4 C. A rapid loss of activity occurred when the extract was stored at -18 C.
For further purification, 60 ml of the concentrated S3 was inactivated by dialysis for 2 hr against nine volumes of Tris buffer containing 2.2 mm ,B-mercaptoethanol. The inactivated enzyme was precipitated by slowly adding 1.25 volumes of Tris buffer containing 2 mm ,B-mercaptoethanol and 0.42 M NaCl which had been made 0.9 saturated with (NH4)2S04. After 15-min equilibration, the extract was centrifuged at 18,000 X g for 15 min. The pellet (P4) was carefully drained and then dissolved in 10 ml of Tris buffer containing 2 mm ,B-mercaptoethanol and 0.42 M NaCl. Residual (NH4)2SO4 was removed by dialyzing the P4 twice for 1 hr against 200 ml of the same buffer. The ICDH in the P4 was reactivated by the procedure described below. After reactivation, the volume of P4 was 7.7 ml.
A 5-ml amount of reactivated P4 was placed in a dialysis bag and concentrated over Carbowax to 1.8 ml. The concentrated P4 was added to a Sephadex G-200 column (330 X 23 mm) which was equilibrated with Tris buffer containing 4.2 M NaCl. The ICDH was eluted from the column with Tris buffer containing 4.2 M NaCl, and the enzyme activity was measured on 0.1-ml samples of the eluant. The highest specific activity of ICDH was in the fractions comprising the trailing half of the activity peak, i.e., an elution volume of 78 to 88 ml. These fractions were combined in a dialysis bag and concentrated over Carbowax to 1.4 ml.
Inactivation and reactivation of ICDH. Unless otherwise indicated, the IC.DH was inactivated by dialyzing the extract for 2 hr at 4 C against 100 to 200 volumes of 0.02 M Tris buffer (pH 7.5) containing 2 mM ,3-mercaptoethanol. Reactivation was performed by dialyzing the inactive ICDH against 100 volumes of 0.02 M Tris buffer containing 4.2 M NaCl (pH 7.5) for 1.5 hr at 31 C, and then dialyzing against a second change of the same buffer for 2 hr at 31 C.
Sucrose gradient centrifugationt. Sucrose density gradients (5 to 20%) were prepared and sampled according to the procedure of Martin and Ames (10) . For experiments with active ICDH, a buffer containing 0.02 M Tris (pH 7.5), 4 mm isocitrate, and 10 mm MnCl2 was mixed with the sucrose solutions. Inactivated ICDH was analyzed on gradients prepared with sucrose solutions containing 0.02 M Tris (pH 7.5) and 2 mm j3-mercaptoethanol. Samples were centrifuged for 8 hr at 39,000 rev/min in a Spinco model L centrifuge equipped with a swinging-bucket rotor (SW 39).
Disc gel electrophoresis. The disc electrophoresis of proteins was performed by the procedure of Ornstein and Davis according to the instructions provided by Canalco Co., Silver Spring, Md. The procedure was modified in that the 7% gel and the Tris-glycine developing buffers were supplemented with 4 mM isocitrate and 10 mM MgCl2. Before electrophoresis, samples of active ICDH were dialyzed for 2 hr against 200 volumes of 0.02 M Tris buffer (pH 7.5) containing 4 mm isocitrate and 10 mm MnCl2. Samples of inactivated ICDH were in 0.02 M Tris-2 mM ,3-mercaptoethanol buffer (pH 7.5). The electrophoretograms were stained with water-soluble Nigrosin (0.0125%) in methanol-water-acetic acid (4:5:1) for 3 hr, destained with the same solvent, and stored in 7% aqueous acetic acid (1). Figure 1 shows activity measurements after partically purified ICDH was incubated with various levels of NaCI. Complete stabilization was achieved when the buffer contained more than 3 M NaCl. At lower concentrations, the degree of protection was roughly proportional to the NaCl level. For example, with 2.2 M NaCl about 50% of the activity was lost in 20 hr. With 1.2 M NaCl essentially all the activity was lost in 3 hr.
RESULTS

Stabilization of ICDH.
Certain other salts can protect the ICDH (Table 1) . The effectiveness appears to be related to both the anion and cation employed. At 1.5 M levels, the order of effectiveness of the cations is Na+ > K+ > Rb+ > Cs+ > Li+ and NH4+. Of the anions tested, acetate and SO42-were more effective than Cl-, and Br-was ineffective.
From experiments in which assays were made with low NaCl levels, it was apparent that some component(s) of the reaction mixture replaces the high salt requirement for stabilizing the ICDH activity. Table 2 (Table 3) . Although a complete parametric study was not conducted, it appeared that the optimal conditions for reactivation involved dialysis at 31 C for 3 to 4 hr. Lower temperatures gave poorer recovery. Longer incubation at higher temperatures resulted in losses of activity which were presumably due to thermal denaturation. These conditions are quite similar to those reported for the reactivation of the halophilic malate dehydrogenase of Halobacterium salinarium (7) . To insure good recovery, it was necessary to have ,B-mercaptoethanol present when the ICDH was inactivated. Presumably, this protects the sulfhydryl groups of the inactive protein from being oxidized and thereby causing permanent denaturation of the enzyme. Also, good recovery of activity was dependent upon the removal of the ,B-mercaptoethanol during the reactivation step. The mixture of isocitrate and MnCl2 did (Table 3) , even though this mixture effectively stabilizes the active enzyme (Table 2 ). Apparently, the latter effect is related to the ability of the substrates to hold the enzyme in its active conformation by virtue of their interaction at the active site. When the enzyme is in the inactive conformation, the substrate mixture cannot replace the high ionic strength needed to restore the active conformation. There is, however, some indication that MnCl2 can interact with the inactive form of the enzyme. Other experiments showed that 10 mM MnCl2 caused a 65 % inhibition of the reactivation promoted by 4 M NaCl. Isocitrate did not affect the NaCl-promoted reactivation. Sodium acetate was less effective than NaCl in promoting reactivation (Table 3) even though the sodium acetate was effective in protecting the enzyme (Table 1) .
The reversible inactivation could also be demonstrated by disc electrophoresis. In Fig. 2 Sedimentation of ICDH. Physical differences between the active and inactive forms of the enzyme could also be demonstrated by centrifuging the proteins on sucrose density gradients (Fig. 3) . The inactivated ICDH was sedimented at a lower rate than the active enzyme. This suggests that the inactive protein is of lower molecular weight or is of lower density than active ICDH (15) . In other experiments, the inactivated ICDH from sucrose gradients was reactivated and then centrifuged on a second sucrose gradient. The reactivated enzyme exhibited a sedimentation rate identical to that of the native enzyme. Figure  4 shows stained electrophoretograms of the ICDH recovered from sucrose gradients. When partially purified enzyme was sedimented in the active state (gel J), ICDH and NHP were detected in the same fractions. These two proteins must have similar sedimentation rates. When the inactivated ICDH was sedimented, reactivated, and run on a second sucrose gradient (gel K), the ICDH was the predominate protein. Apparently, the inactivated ICDH and the NHP had been separated because of the differences in sedimentation rates of the two proteins.
Gel filtration of ICDH. The two forms of the enzyme exhibit different rates of elution from Sephadex G-200 (Fig. 5) . The more rapid elution of the inactive protein shows this species to be less restricted during its diffusion through the column of cross-linked gel particles. Apparently, the inactivated ICDH has a larger molecular radius than the active enzyme (15) .
Purification of ICDH. The purification procedure is iUustrated in Table 4 ICDH is selectively protected with isocitrate and MnCl2 at low ionic strength, 0.9 saturated (NH4)2S04 precipitates large amounts of contaminating protein. Holmes and Halvorson (6) previously showed that halophilic proteins are easily precipitated with (NH4)2S04 once the proteins are denatured by the removal of NaCl. Thus, the components of the supernatant fluid should be either halophilic proteins which are protected by the isocitrate and MnCl2 or nonhalophilic proteins which are not precipitated with 0.9 saturated (NH4)2S04. The effectiveness of this step is indicated by the 13-fold increase in specific activity with 68 % recovery of activity.
After being inactivated, the ICDH can be precipitated with (NH4)2S04 at 0.5 saturation. The precipitated enzyme can then be partially reactivated by dialysis against 4.2 M NaCl (gel C). The NHP and other minor contaminants remained in the supernatant fluid. This poor recovery of activity at this step can be attributed to two causes. All of the inactivated ICDH was not precipitated and the efficiency of reactivation was low. The decrease in specific activity at step C (Table 4) Again, the inactivated ICDH was eluted from the column more rapidly than the active enzyme. The active ICDH (gel E) represents more than 95% of the material detected with the protein stain. The removal of the inactive ICDH and minor protein contaminants gave an eightfold increase in specific activity.
The entire procedure gave a 69-fold purification, and the resulting preparation had a specific activity of 13.8. This value is lower than the reported specific activities of 58 for purified ICDH from pig heart (14) and 21.5 for partially purified ICDH from Brevibacterium flavum (13 enzyme. However, the additional data with gel filtration on Sephadex G-200 are more conclusive. The more rapid elution of the inactive enzyme indicates that the molecular radius of the protein has expanded either by aggregation of several molecules or by expansion of a single molecule. Thus, the interpretation that the removal of salt causes an expansion of the protein to a less dense state is consistent with the data on both sedimentation and gel filtration. Observation of the low electrophoretic mobility of the inactivated ICDH tends to support the molecular expansion theory, but the change in electrophoretic mobility could be explained in other ways.
It is probably an oversimplification to assume that salts stabilize the halophilic enzymes solely by the neutralization of repulsive, intramolecular charges. There is no apparent relationship between the protection afforded and the ionic radius or ionic mobility. Other factors must be involved. Moreover, different halophilic enzymes exhibit different specificities for salts. For example, the present study is the first report of NaCl being more effective than KC1 in stabilizing a halophilic enzyme. Even more apparent are the differences in salt specificity in the activation of halophilic enzymes (4, 8) . Other studies (Hubbard, unpublished data) have shown that the ICDH activity is stimulated by adding salts to the reaction mixture. For example, the activity with the optimal NaCl concentration of 0.5 M is 1.6 times that observed with 1 mm NaCl. An even greater degree of stimulation in activity is given with LiCI at its optimal concentration of 0.35 M. Again, the ICDH of H. cutirubrum differs from other halophilic enzymes in that KC1 is a less effective activator than NaCl. Since LiCl was effective in activation and ineffective in stabilization, it would appear that salts occupy different roles in the two processes. A further indication that the functions are distinguishable comes from our observation and the observations of others (7) that different concentrations of a salt are needed for maximal activation and stabilization.
The use of isocitrate and MnCl2 to selectively protect the ICDH was advantageous in our purification procedure. The number of purification steps that can be performed is quite limited when 4 M NaCl is present. However, with a buffer of low ionic strength the proteins can be fractionated by conventional methods. In the partial purification of halophilic malate dehydrogenase (6), the problem was circumvented by fractionating the enzyme in a salt-free state and then reactivating the enzyme. We were hesitant to use this technique for fear that the reactivated enzyme might be different from the native protein. Our attempts to purify the ICDH in its native state were unsuccessful, so one inactivation-reactivation step was used. However, the data from disc electrophoresis, sedimentation, and gel filtration experiments gave no indication that inactivation or reactivation altered the ICDH. Other studies (Hubbard, unpublished data) showed that native and once-reactivated enzyme had identical Km values for isocitrate, MnCl2, and NADP.
The ICDH of H. cutirubrum is not the only halophilic enzyme than can be stabilized with specific effectors as replacements for salt. The malate dehydrogenase of H. salinarium is par-tially stabilized by its coenzyme, reduced nicotinamide adenine dinucleotide (7) . Millimolar concentrations of polyamines such as spermine and polylysine confer partial stability to the reduced nicotinamide adenine dinucleotide dehydrogenase of the halophilic isolate AR-1 (5). There are undoubtedly numerous halophilic enzymes which can be stabilized at low ionic strength with substrates, polyamines, and other effectors. Such enzymes should be the material of choice for future studies.
